Kinetic studies for the reactions of O,O-dimethyl Z-S-aryl phosphorothioates with X-pyridines have been carried out in dimethyl sulfoxide at 85.0 ºC. The Hammett and Brönsted plots for substituent X variations in the nucleophiles are biphasic concave upwards with a break point at X = H, while those for substituent Z variations in the leaving groups are linear. The negative sign of the cross-interaction constant (ρ XZ ) implies that the reaction proceeds through a concerted mechanism for both the strongly and weakly basic pyridines. The magnitude of ρ XZ (= -0.35) for the strongly basic pyridines is greater than that (ρ XZ = -0.15) for the weakly basic pyridines, indicating a change of the nucleophilic attacking direction from frontside for the strongly basic pyridines to backside for the weakly basic pyridines. The early transition state is proposed on the basis of the absence of positive deviations from both the Hammett and Brönsted plots for the strong π-acceptor, X = 4-Ac, and small values of ρ XZ and β X .
Introduction
Phosphoryl transfer reactions have been studied extensively of their importance to biochemistry and organometallic chemistry, and usefulness in synthesis. Two main types of displacement processes are reported regarding the phosphoryl species; either stepwise (A N +D N ) through a trigonal bipyramidal pentacoordinate (TBP-5C) intermediate or a concerted process (A N D N ).
1
This lab reported various types (pyridinolysis, 2 anilinolysis, 3 benzylaminolysis, 4 and theoretical study 5 ) of phosphoryl and thiophosphoryl transfer reactions to clarify the mechanism and to gain the systematic information; the thio effects and steric effects of the two ligands (R 1 and R 2 ) on reactivity, electrophilicities of substrates, leaving group mobilities, substituent effects and deuterium kinetic isotope effects on mechanism. The authors' studies on the pyridinolyses are focused mainly on R 1 R 2 P(=O or S)Cl-type substrates involving the Cl leaving group in acetonitrile (MeCN), 2a,d,f-i and sometimes on R 1 R 2 P(=O or S)LG-type substrates involving the Z-substituted thiophenoxide (SC 6 H 4 Z), 2e phenoxide (OC 6 H 4 Z), 2b anilinide (NHC 6 H 4 Z), 2i and isothiocyanate (NCS) 2c leaving groups (LGs) in MeCN or DMSO. Herein, the authors reported that the substituent effects of the nucleophiles (X) and/or substrates (Y) and/or leaving groups (Z) upon the pyridinolysis mechanism were more dramatic than those upon the anilinolysis mechanism.
In this work, the kinetic studies of the reactions of O,Odimethyl Z-S-aryl phosphorothioates with X-pyridines in dimethyl sulfoxide at 85.0 ± 0.1 ºC (Scheme 1) are reported to gain further systematic information into the phosphoryl transfer reactions and the substituent effects of the nucleophiles and leaving groups on the reaction mechanism, as well as to compare the relevant pyridinolyses of dimethyl
in MeCN. The MO theoretical [B3LYP/6-311+G(d,p)] structure of O,O-dimethyl S-phenyl phosphorothioate in the gas phase shows that the three oxygens and sulfur have a near tetrahedral geometry with the phosphorus atom at the center. 
Results and Discussion
The pseudo-first-order rate constants observed (k obsd ) for all reactions obey eq. (1) with negligible k 0 (= 0) in MeCN. The second-order rate constants were determined with at least five pyridine concentrations [XC 5 H 4 N] . No third-order or higher-order terms were detected, and no complications were found in the determination of k obsd or in the linear plot of eq. (1). This suggests that there is no base-catalysis or noticeable side reactions, and the overall reaction follows the reaction path given by Scheme 1.
The second-order rate constants [
)] are summarized in Table 1 , together with selectivity parameters, ρ X , β X , ρ Z , and ρ XZ . The substituent effects in the nucleophiles and leaving groups on the rates are in accord with those for a typical nucleophilic substitution reaction with positive charge development at the nucleophilic N atom (ρ X < 0 and β X > 0) and negative charge development at the leaving group S atom (ρ Z > 0) in the transition state (TS). However, the Hammett and Brönsted plots for substituent X variations in the nucleophiles are biphasic concave upwards with a break point at X = H (Figs. 2 and 3 ), while the Hammett plot for substituent Z variations in the leaving groups are linear. Herein, the β X values were determined using pK a values in water; the slopes from the plots of log k 2 (DMSO) against pK a (H 2 O). Justification of this procedure has been experimentally and theoretically provided.
6
The cross-interaction constants (CICs; ρ XZ ), eqs. (2), are determined, where X and Z represent the substituents in the nucleophile and leaving group, respectively.
9 The sign and magnitude of the CICs have made it possible to correctly interpret the reaction mechanism and degree of tightness of the TS, respectively. In general, the ρ XZ has a negative value in a concerted S N 2 and a stepwise mechanism with a ratelimiting bond formation. However, it has a positive value for a stepwise mechanism with a rate-limiting leaving group expulsion from the intermediate. The magnitude of ρ XZ is inversely proportional to the distance between the nucleophile and leaving group through the reaction center; the 
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Despite the biphasic concave upward Hammett and Brönsted plots for substituent X variations in the nucleophiles with a break point at X = H, the sign of the CICs, ρ XZ , is negative for both the strongly and weakly basic pyridines (Table 1 and Fig. 4 ). The authors propose a concerted mechanism for the studied reaction system on the basis of the negative sign of CICs, ρ XZ , and relatively small magnitudes of β X values, regardless of the nature of substituent X. The magnitude of ρ XZ (= -0.35) for the strongly basic pyridines is greater than that (ρ XZ = -0.15) for the weakly basic pyridines, which means that the distance between X and Z for the strongly basic pyridines is shorter than for the weakly basic pyridines. As seen in Table 1 , the greater values of β X (= 0.250-0.288) for the strongly basic pyridines than those (β X = 0.190-0.219) for the weakly basic pyridines may also suggest the greater degree of bond formation for the strongly basic pyridines than for the weakly basic pyridines, in line with the prediction from the magnitudes of CICs.
Assuming that the pyridine nucleophile attacks backside towards the Z-thiophenoxide leaving group in the TBP-5C TSb (Scheme 2) where both the nucleophile and leaving group occupy the apical positions. The small negative value of ρ XZ (= -0.15) for the weakly basic pyridines is consistent with a backside attack where the nucleophile and leaving group are far apart. However, the magnitude of ρ XZ (= -0.35) for the strongly basic pyridines is too large to be substantiated by a backside attack TSb. The somewhat large magnitude of ρ XZ implies that the nucleophile and leaving group are in close enough proximity to interact strongly. Thus, it is the proposal of the authors that the reaction for the strongly basic pyridines proceeds through a frontside attack TSf (Scheme 2), resulting in larger magnitudes of ρ XZ and β X .
10 It needs to be stressed that the large magnitudes of the ρ XZ values (|ρ XZ | ≥ 0.5) were obtained due to the frontside nucleophilic attack.
11
In general, the nonlinear free energy correlation of a concave upward plot is diagnostic of a change in the reaction mechanism where the reaction path is changed depending on the substituents, while nonlinear free energy correlation of the concave downward plot is diagnostic of a rate-limiting step change from bond breaking for the weakly basic nucleophiles to bond formation for the strongly basic nucleophiles.
12 In the present work, the nonlinear free energy correlations of biphasic concave upward plots for substituent X variations in the nucleophiles are ascribed to a change in the attacking direction of the nucleophile from a backside (TSb) for the weakly basic pyridines to a frontside attack (TSf) for the strongly basic pyridines. Table 2 shows the natural bond order (NBO) charges on the reaction center P in the gas phase [calculated at the B3LYP/6-311+G(d,p) level], 13 second-order rate constants in a given solvent at a given temperature, and selectivity parameters, β X and CICs (ρ XZ or ρ XY ), for the two pyridinolysis systems with the Z-thiophenoxide and Cl leaving groups. The pyridinolysis rate with the thiophenoxide leaving group is slower than with the Cl one, as expected from the poorer leaving group mobility of thiophenoxide than that of Cl. The rate ratio of the two systems, k(SC 6 H 5 )/ k(Cl), for R 1 =R 2 =MeO 14 is much smaller than that for R 1 = R 2 =PhO. The pyridinolysis rate has no consistency with the NBO charge on the reaction center P, i.e., the greater the positive charge on P, the rate rather becomes slower for both systems. This means that the electrophilicity (or NBO charge on P) of the substrate does not play any role to determine the reactivity. The anilinolysis rate is predominantly dependent upon the steric effects of the two ligands, R 1 and R 2 , i.e., the greater the size of the two ligands, the rate consistently becomes slower.
3f-m However, the pyridinolysis rate does not depend at all on the steric effects of the two ligands, i.e., the greater the size of the two ligands, the rate rather becomes faster as seen in Table 2 .
In the pyridinolysis of Y-aryl phenyl chlorophosphates, 2a a concerted mechanism involving a backside nucleophilic attack was proposed. Herein, the strong π-acceptor substituents, 4-Ac and 4-CN, did not exhibit positive deviations from both the Hammett and Brönsted plots for substituent X variations in the nucleophiles. No positive deviations from both plots were rationalized by the early TS with little positive charge development on the N atom of pyridine.
15
The early TS, the small extent of both the bond formation and leaving group departure, was supported by the small CIC (ρ XY = -0.15) 16 and small β X (= 0.16-0.18) values. 2a In the present work, the strong π-acceptor substituent, 4-Ac, does not exhibit positive deviations from both the Hammett and Brönsted plots (Figs. 2 and 3) , as observed in the pyridinolysis of Y-aryl phenyl chlorophosphates. As discussed earlier, the backside attack TSb is proposed for the weakly basic pyridines. The small values of β X (= 0.190-0.219) for the weakly basic pyridines are comparable with those (β X = 0.16-0.18) of the pyridinolysis of Y-aryl phenyl chlorophosphates. Thus, the authors propose the early TS for the weakly basic pyridines based on the small values of ρ XZ and β X , and no deviation of the strong π-acceptor substituent, 4-Ac, from the free energy correlations. The authors also propose the early TS for the strongly basic pyridines, since the greater values of ρ XZ and β X than for the weakly basic pyridines are attributed to a frontside attack TSf. The more or less smaller magnitude of ρ XZ (= -0.35) for the strongly basic pyridines compare to the magnitudes of the ρ XZ values (|ρ XZ | ≥ 0.5) 2l,8d for an usual frontside attack is ascribed to the early TS.
Conclusions
The reactions of O,O-dimethyl Z-S-aryl phosphorothioates with X-pyridines are studied kinetically in DMSO at 85.0 ºC. A concerted S N 2 mechanism with the early TS is proposed on the basis of the negative cross-interaction constants, ρ XZ , small values of ρ XZ and β X , and no positive deviations for the strong π-acceptor, X = 4-Ac, in both the Hammett and Brönsted plots. Biphasic concave upward Hammett and Brönsted plots for substituent X variations in the nucleophiles are rationalized by a change of the nucleophilic attacking direction from frontside for the strongly basic pyridines to backside for the weakly basic pyridines.
Experimental Section
Materials. GR-grade X-pyridines were used without further purification. The GR grade dimethyl sulfoxide was dried over molecular sieves and used after three distillations under reduced pressure prior to use. HPLC grade acetonitrile (less than 0.005% water content), diethyl ether and n-hexane were used without further purification. GR-grade dimethyl chlorophosphate (96%), Z-thiophenols (97-98%), and triethylamine (99%) were used for synthesis of substrate.
Kinetic Measurements. Conductometric rate measurements were carried out using self-made computer-aided automatic A/D converter conductivity bridges. The pseudofirst-order rate constants (k obsd ) were determined using large excesses of nucleophiles, [XC 5 H 4 N] = 0.10-0.30 M and [Substrate] = 3.0 × 10 −3 M. Each value (k obsd ) of pseudo-firstorder rate constant was averaged obtained from more than three runs, which were reproducible within ± 3%.
Syntheses of Substrates. The substrates, O,O-dimethyl Z-S-Phenyl thiophosphates (Z=4-MeO, 4-Me, H, 3-MeO, and 4-Cl) were prepared by reacting dimethyl chlorophosphate (96%) with Z-thiophenols in the presence of triethylamine in acetonitrile on an cooling bath at −10.0 o C.
2e,17
Triethylamine hydrochloride salt was separated by filtration. The remaining product in acetonitrile was treated with water and ether for work up after removal of solvent under reduced pressure. Ether soluble organic part was dried with anhydrous MgSO 4 for about 3 hr. The product mixture was isolated by filtration and finally separated through column chromatography (silica gel/ethyl acetate-n-hexane) after removal of solvent. The substrates were characterized by the spectral analysis as follows: 
